Ammonium adducts of trimethylsilyl-terminated poly(dimethylsiloxane) (CH 3 -PDMS) produced by electrospray ionization were submitted to collision induced dissociation and revealed a particular MS/MS behavior: the same three main product ions at m/z 221, 295, and 369 were always generated in very similar relative abundances regardless of the size of the precursor ion. Combining accurate mass measurements and ab initio calculation allowed very stable cyclic geometries to be obtained for these ionic species. Dissociation mechanisms were proposed to account for the three targeted ions to be readily generated in a two-step or a three-step reaction from any CH 3 -PDMS ammonium adducts. A second set of three product ions was also observed with low abundance at m/z 207, 281, and 355, which were shown in MS 3 experiments to be formed in secondary reactions.
Introduction

U
sing soft methods such as electrospray ionization (ESI) or matrix-assisted laser desorption/ionization (MALDI) to produce intact oligomer adducts in the gas phase, mass spectrometry provides a whole set of very informative data for the analysis of synthetic polymers. A singlestage mass spectrum can readily reveal the size of repeat units and average molecular weights and, in case the polymer synthesis is clearly understood, it is also sufficient to confirm the sum of the end-group masses, and hence the polymerization degree. However, for each end-group to be individually mass-characterized, tandem mass spectrometry (MS/MS) is mandatory. Indeed, in most cases, major dissociation reactions usually involve backbone cleavages yielding product ions containing either the initiating or the terminating group. MS/MS data of synthetic polymers, most commonly obtained in collision induced dissociation (CID) conditions, should then be analyzed with regards to fragmentation rules established for the targeted polymer family. A very recent article by Wesdemiotis et al. has reviewed fragmentation pathways of diverse polymer ions, including polystyrenes, poly(2-vinylpyridine), polyacrylates, poly(vinyl acetate), polyethers, and poly(dimethylsiloxane) [1] .
In some cases, however, MS/MS experiments do not allow end-group analysis because polymer ion dissociation mainly proceeds via reactions involving pendant groups, such as for sodiated poly(methacrylic acid) [2] , deprotonated poly(methacrylic acid) [3] , or protonated poly(methyl methacrylate) [4] . The choice of the cation to be adducted to polymer molecules was also shown to have a great impact in the production of informative fragment ions under CID conditions. For example, while dissociation of protonated poly(methyl methacrylate) (PMMA) was shown to proceed via charge-induced eliminations of methanol from the pendant ester groups [4] , alkali-cationized PMMA mainly dissociates to yield low-mass radical ions carrying one of the original chain ends, according to charge-remote mechanisms [5] [6] [7] [8] . Within the same class of metals, the nature of the adducted cation can also influence MS/MS results, as shown in the case of poly(ethylene glycol) for which dissociation of lithiated molecules generates polymeric product ions after internal backbone cleavages or rearrangements, whereas a bare alkali cation was often the only reported product ion arising from dissociation of sodium or potassium adducts [9] [10] [11] [12] [13] .
The case of poly(dimethylsiloxane) (PDMS) is even more puzzling. Providing the adducted cation has been carefully selected and although ion activation induces inchain bond cleavages, the fragmentation chemistry of PDMS ions also depends on the nature of the end-groups [1] . Considering lithiated molecules produced by electrospray, trimethylsilyl-terminated PDMS oligomers were reported to expel only one neutral monomer unit [14] , while CID of α,ω-dihydroxy PDMS was shown to give rise to two major product ion distributions after truncation of the chain [1] and α,ω-bis(3-carboxypropyl)-or α,ω-bis(3-aminopropyl)-PDMS dissociate primarily via intramolecular nucleophilic substitutions at the end-groups [15] . Nevertheless, considering a given polymer family, CID spectra usually display peak series in which the number and/or the m/z ratio of product ions increase with the size of the polymeric precursor ion. In contrast, we will show here that CID experiments performed on ammonium adducts of trimethylsilyl-terminated PDMS produce the same MS/MS spectra regardless of the number of monomer units in the precursor ion. Dissociation mechanisms supported by ab initio calculation could be proposed to account for the particular unimolecular fragmentation of these PDMS adducts.
Experimental
Chemicals
Methanol was purchased from SDS (Peypin, France) while tetrahydrofuran (THF) was from Riëdel-de Haen (Seelze, Germany). Trimethylsilyl-terminated poly(dimethylsiloxane) (M w 1600 g.mol -1 ) was purchased from PSS (Mainz, Germany). Ammonium acetate was from Sigma Aldrich (St. Louis, MO, USA). The PDMS polymer was first dissolved in THF and further diluted using methanolic salt (3 mM) solution to a final 10 μg.mL -1 concentration.
Mass Spectrometry
High resolution MS and MS/MS experiments were performed using a QStar Elite mass spectrometer (Applied Biosystems SCIEX, Concord, ON, Canada) equipped with an electrospray ionization source operated in the positive mode. The capillary voltage was set at +5500 V and the cone voltage at +70 V. In this hybrid instrument, ions were measured using an orthogonal acceleration time-of-flight (oa-TOF) mass analyzer. A quadrupole was used for selection of precursor ions to be further submitted to collision-induced dissociation (CID) in MS/MS experiments. In MS, accurate mass measurements were performed using two reference ions from a poly(ethylene glycol) internal standard, according to a procedure described elsewhere [16] . The precursor ion was used as the reference for accurate measurements of product ions in MS/MS spectra. MS 3 experiments were performed using a 3200 Q-TRAP mass spectrometer (Applied Biosystems SCIEX), equipped with an electrospray ionization source operated in the positive mode. The capillary voltage was set at +5500 V and the cone voltage at +70 V. Primary precursor ions generated in the ion source were selected in the quadrupole analyzer and submitted to CID in a collision cell. Secondary precursor ions produced during collisions were selected and then fragmented in a linear ion trap. In both instruments, air was used as the nebulizing gas (10 psi) while nitrogen was used as the curtain gas (20 psi) as well as the collision gas. Collision energy was set according to the experiments. Instrument control, data acquisition and data processing of all experiments were achieved using Analyst software (QS 2.0 and 1.4.1 for the QqTOF and the QqTrap instruments, respectively) provided by Applied Biosystems. Sample solutions were introduced in the ionization source at a 5 μL.min -1 flow rate using a syringe pump.
Computational Details
Geometry optimizations were performed using the hybrid B3LYP density functional theory (DFT) approach as implemented in Gaussian 03 [17] . The functional includes the three-parameter Becke exchange functional [18] and the LYP correlation functional [19] . This type of approach is reputedly robust against the choice of the basis set [20] , although in some instances differences have been documented [21, 22] . We used here a moderate-size basis set, the standard 6-31G(d) [23, 24] , which usually gives relevant geometries and energies in such closed shell systems for geometrical optimizations of fragment ions. An extended basis set, 6-311G(2d,p) [25, 26] was also used for both fragmentation pathway energetic costs and some activation barrier evaluations.
Results and Discussion
ESI-MS/MS of Trimethylsilyl-Terminated PDMS Ammonium Adducts
The ESI mass spectrum of the studied trimethylsilylterminated PDMS (further noted CH 3 -PDMS) displayed a distribution of intense ammonium adducts of PDMS oligomers, with n ranging from 5 to 22 (Supplemental Figure S1 ). Very similar CID spectra were surprisingly obtained from all precursor ions, regardless of their polymerization degree. As exemplified by MS/MS spectra of the 7-mer (CH 3 -PDMS 7 ) and the 21-mer (CH 3 -PDMS 21 ) ammonium adducts recorded at the same center-of-mass collision energy (E CM =0.91 eV), three main product ions were detected with similar relative abundance at m/z 221, 295, and 369 ( Figure 1 ). These three ions belong to the series annotated (R n + 73) + by Mayer et al. [14] , with R=C 2 H 6 OSi, a dimethylsiloxyl (DMS) unit, and n=2-4. Although some higher congeners in this series could be observed with low abundance in the CID spectrum of the 7-mer (m/z 443 and 517 in Figure 1a ), their abundance drastically decreased or they were no longer detected as the size of the precursor ion increased (Figure 1b) . In addition to this main distribution, Mayer et al. reported a (R n + 58) + ion series to be formed upon the release of a methyl radical from (R n + 73) + ions [14] . Although our experiments were conducted in the same laboratory frame energy range (0-80 eV) as compared to Mayer's study, this ion series was not detected in our case. In contrast, a new (R n + 59) + series (with n=2-4 and annotated with stars in Figure 1 ) was observed in the low m/z range of the CID spectra, which intensity increased with the size of the precursor ion. The smallest size precursor ions (up to n=11) were also observed to eliminate ammonia and methane, as evidenced for [CH 3 -PDMS 7 + NH 4 ] + in the inset of Figure 1a by the peaks observed at m/z 607.2 and 591.2.
The breakdown curves established for the 9-mer precursor ion at m/z 772 ( Figure 2 ) are similar to those reported by Mayer et al. for PDMS ammonium adducts [14] , although Figure 1 . ESI-MS/MS spectra of the ammonium adduct of (a) the CH 3 -PDMS 7-mer at m/z 624.2 and (b) the CH 3 -PDMS 21-mer at m/z 1660.5, using the same 0.91 eV collision energy (center-of-mass frame) the appearance energy thresholds of (R n + 73) + ions were lower in our case compared with Mayer's (about 0.4 eV versus 0.6 eV, center-of-mass frame). Data from Figure 2 also suggest that the three main product ions in the (R n + 73) + series arose from competitive processes, rather than from successive reactions consisting of DMS unit elimination. Indeed, these m/z 369, 295, and 221 product ions were all generated from about the same energy threshold and variation of their intensity as a function of collision energy displayed the same trend. In contrast, ions of the (R n + 59) + series (m/z 281 and 207 in Figure 2 ) would be produced in secondary dissociation reactions, since their abundance was shown to increase from CID conditions which induced the depletion of (R n + 73) + ion series. Signals obtained for the third ion of the (R n + 59) + series at m/z 355 followed the same trend but were not reported in Figure 2 due to their very low intensity. Increase in the collision energy did not generate any new product ions but slightly modified peak relative intensity, consistently with the hypothesis of successive dissociations: the intensity of peaks at m/z 369 and 295 (main series) decreased while that of m/z 281 and 207 (secondary series) was enhanced.
The (R n + 58) + fragment series was reported by Mayer to be formed sequentially from (R n + 73) + ions, after a methyl radical loss occurring from about a 1.2 eV collision energy (center-of-mass frame) [14] . In our study, detection of a (R n + 59) + series instead of the (R n + 58) + ions in the 0.8-2.8 eV energy range might arise from differences in the experimental set-up. In particular, although dealing with similar center-of-mass energy values, collision rate in the collision cell might be different due to multiple factors. First, data reported in the two studies were obtained using different instruments, and thus different cell length, which could promote multiple collisions to a different extent. Second, the gas pressure (unavailable for our instrument) might also have been very different. Finally, Mayer used an atomic gas (argon) to promote collision while a molecular gas (nitrogen) was employed here, which could induce differences in terms of collisional energy transfer efficiency. , error: -4.9 ppm) indicated that these three (R n + 73) + ions were cationic species which do not contain any nitrogen atoms. Combining this result with the elimination of ammonia observed from the lowest mass precursor ions strongly suggests that product ions observed in MS/MS actually arose from the dissociation of protonated oligomers. This assumption was supported by the fact that MS 3 experiments, performed for ammonium adducts and selecting the protonated oligomer as the secondary precursor ion (data not shown), gave rise to spectra displaying the same peak pattern as compared to MS/MS of [CH 3 -PDMS n + NH 4 ] + . Based on the calculated elemental compositions and the structure of CH 3 -PDMS, systematic geometrical optimizations were performed in order to obtain the lowest energetic structures for the three targeted product ions. Various linear forms were tested for each product ion, as well as DMS n cycles (with n=2-4), which are further called "n-DMS-containing" rings. A particular class of cycles was also considered, which contain a methylene group instead of an oxygen atom within the ring (and thus further called "C-containing" rings), which first requires a hydroxyl function to be formed upon a proton transfer from a methyl group. The lowest energies associated with the tested conformations as well as examples of these ionic structures are presented in Table 1 . For the three studied product ions, linear structures were systematically associated with the highest energy values. In contrast, conformations corresponding to energy minima were all found to exhibit a cyclic structure involving as many DMS units as possible (2 in m/z 221, 3 in m/z 295, and 4 in m/z 369) and a trimethylsilyl group substituent on the positively charged oxygen (Scheme 1).
To account for the production of these cyclic ions, protonated oligomers were considered as the actual precursor ions, formed upon loss of ammonia from ammonium adducts, and location of the proton was envisaged on each oxygen atom of the polymeric backbone. As exemplified for the 7-mer in the right-hand side of Scheme 2, location of the proton on the third oxygen atom in m/z 607 would allow the release of a 386 Da linear monohydroxy-terminated PDMS (further called OH-PDMS) upon cleavage of the Si-O(3) bond and the m/z 221 product ion to be formed (mechanism indicated by dotted arrows). This cleavage should be considered as the result of a backbiting reaction, depicted in Scheme 2 as a 1,4-electron transfer from a lone pair of O (1), to create a new silicon-oxygen bond and allow the expected cyclic m/z 221 ion to be produced. A similar cleavage could also be envisaged for the second Si-O(3) bond (mechanism indicated by plain arrows in the right-hand side of Scheme 2), leading to m/z 369 product ion after the release of a 238 Da linear OH-PDMS. Position of the protonated oxygen within the skeleton would thus determine the size of the product ions: numbering the oxygen atoms from the left-hand side, production of m/z 73, 147, 221, 295, 369, 443, and 517 would be, respectively, promoted upon protonation of O 1-7 (or O 7-1 due to molecular symmetry). The absence of m/z 73 and 147 in the MS/MS spectrum of the 7-mer precursor ion would suggest a weak stability of these smallest product ions, which cannot adopt a cyclic structure. Moreover, the process which includes a Si-O bond cleavage to produce (CH 3 ) 3 Si + at m/z 73 does not involve the creation of a new Si-O bond, due to the location of the protonated oxygen near the end of the chain, hence increasing the energetic cost of this reaction. These assumptions were supported by experiments performed at much higher collision energy (from E CM =1.4 eV for the 7-mer) which allowed these two smallest ions to be observed with low abundance (data not shown). In contrast, the weak intensity of peaks at m/z 443 and 517 in Figure 1a suggests a fast dissociation of these two product ions. As depicted in Scheme 2 (left-hand side with plain arrows), the cleavage of the O(2)-Si bond upon protonation of the second oxygen atom in the 7-mer would produce m/z 443 as a large 5-DMScontaining cyclic ion, together with a 164 Da OH-PDMS. Upon ring opening, a concerted electron transfer would allow the formation of two smaller cyclic species: a 3-DMScontaining neutral and m/z 221 (as shown in Scheme 2) or a 2-DMS-containing neutral and the cyclic m/z 295. Similarly, dissociation of the 6-DMS-containing cyclic m/z 517 could generate m/z 221, 295, and 369 while eliminating cyclic neutrals consisting of 4, 3, and 2 DMS units, respectively. As a result, production of the three abundant ions of the main series from the ammonium adduct precursor ions can be envisaged to occur in a "two-step" pathway, involving the release of ammonia and of a linear OH-PDMS (steps 1 and 2 in Scheme 2), and/or according to a "three-step" mechanism when loss of ammonia is followed by the production of a large cyclic ion which further dissociates (steps 1, 2′, and 3′ in Scheme 2).
Energetic costs associated with the proposed mechanisms were assessed by ab initio calculations. Minimal energetic costs were estimated by substracting the intrinsic energies of the products from that of the precursor ion, and some activation barriers were evaluated by a typical Transition State (TS) modelization for each main fragmentation step. It should be noted that, in contrast to the well-defined conformation adopted by ammonium adducts due to the tetrahedric structure of the ammonium cation, selection of the most stable conformation for the protonated molecule implied a more tedious calculation process due to the existence of multiple forms. For the "two-step" pathway depicted in the left-hand part of Figure 3 , results from ab initio calculations indicated that the formation of m/z 221, 295, and 369 from the 7-mer ammonium adduct (m/z 624) was associated with an amount of energy of, respectively, 186.1, 164.6, and 167.8 kJ.mol -1 . The activation barrier calculated for the m/z 607→m/z 295 transition was found to be 64.0 kJ.mol -1 and further considered as a standard value. In the case of the "three-step" pathway (right-hand part of Figure 3 ), the amount of energy to produce m/z 221, 295, and 369 from m/z 517, considered as the intermediate product ion formed in step 2', was found to be 153.0, 139.7, and 245.7 kJ.mol
, respectively. Values obtained for pathways involving alternative intermediates are reported in Table 2 . It should first be noted that those "three-step" pathways which involve the loss of one DMS unit in step 3′ after the Si-O bond cleavage (that is, m/z 295→m/z 221, m/z 369→m/z 295, and m/z 443→m/z 369) were systematically found to be the most energy demanding, suggesting that such a "depolymerization" process is not favored. Although even the lowest calculated values are much higher than the 88 kJ.mol -1 activation energy supplied to the precursor ion upon collision (0.91 eV center-of-mass frame), the multiple collision regime occurring in the collision cell could account for a final energy (available for dissociation), which is larger than this calculated value. In addition, this result could also suggest that precursor ions were formed with a quite high internal energy in the ESI source [29] .
Elimination of a Methane Molecule
Although the proposed fragmentation pathways would account for the main product ions, they cannot explain the formation of m/z 591 generated after elimination of NH 3 and CH 4 from the 7-mer ammonium adduct (Figure 1a ). This reaction was evidenced at low collision energy in all MS/MS spectra of the smallest size precursor ions. Elimination of methane could occur either from the protonated oligomer, after the precursor ion has released ammonia, or in a concerted manner, simultaneously with NH 3 , from the ammonium adduct. Both cases were envisaged and modelization of transition states involved in these two pathways was performed for the smallest precursor ions (up to n=5). Results obtained for the calculated transition states clearly show that a concerted elimination of NH 3 and CH 4 would be more favorable than their sequential losses (Table 3) . These data also reveal that the energy requested for the single-stage release of two neutrals from the oligomer ammonium adduct increases with the size of the precursor ion. This suggests ammonium is more tightly bound to increasing size PDMS, considering n ranging from 3 to 5, consistently with the number of hydrogen bonds formed between the adducted cation and PDMS oxygen atoms. For example, the 3-mer PDMS backbone, able to form two noncovalent hydrogenoxygen bonds with the amonium cation is associated with a Figure 3 . Calculated potential energy surface for the formation of (R n + 73) + product ions (m/z 369, 295, and 221) from the 7-mer ammonium adduct at m/z 624, according to a two-step or a three-step dissociation mechanism Table 2 . Energetic cost (kJ.mol -1 ) calculated for the production of m/z 369, 295, and 221 from the CH 3 -PDMS 7-mer ammonium adduct (m/z 624) as a function of the species formed during the second step (step 2 or 2′) of the dissociation process described in Scheme 2
Step 2′ (or 2)
Final product ions Data associated with the "two-step" mechanism are indicated in italic. 130.2 kJ/mol activation barrier, while a 180.1 kJ/mol energy is required for the 5-mer, which readily forms three hydrogen-oxygen bonds (Figure 4a ). Since the same number of hydrogen-oxygen bonds, compared with the 5-mer, could be formed while considering the 7-mer, the same 180.1 kJ/mol energy value will be used in a first approximation. Upon adduction by NH 4 + , the PDMS chain would adopt a conformation to wrap the cation, all methyl groups but the terminal ones pointing towards the outside and hence not interacting with ammonium protons (Figure 4a) . As a result, while considering the concerted pathway, release of a methane molecule would exclusively proceed from an endof-chain methyl group. In contrast, in the sequential loss scenario, which first involves the production of a protonated PDMS, release of methane can occur from any methyl group in the chain, and initial location of this methyl group was not shown to greatly influence activation energy of this dissociation reaction. Indeed, in the case of the 2-mer ammonium adduct, activation energy for the sequential loss of NH 3 and CH 4 was calculated by considering a methyl from a DMS unit and was found to be 215.3 kJ.mol -1 , which compares well with values obtained from other precursor ions when using a leaving methyl moiety from an end-group (Table 3 ). The transition state calculated for the release of NH 3 and CH 4 from the 5-mer ammonium adduct is depicted in Figure 4b : methane is formed upon protonation of a terminal methyl group, while NH 3 still interacts via hydrogen bonds with two oxygen atoms of the polymeric backbone. The proposed concerted mechanism, together with increasing activation barriers as a function of polymerization degree, would account for the lack of methane elimination from large precursor ions since the probability of ammonium interacting with one of the terminal methyl groups rapidly decreases as the size of the PDMS chain increases.
Product ions formed upon a concerted release of NH 3 and CH 4 would carry a positive charge located on an end-ofchain silicon atom, that is, the case described after ring opening of the ionic structure generated in step 2′ of Scheme 2. As a result, so-formed product ions would either adopt a more stable cyclic conformation via electron transfer from an oxygen lone pair or release a cyclic PDMS neutral as in step 3′ of Scheme 2, depending on their size. In the case of the 7-mer ammonium adduct at m/z 624, the activation barrier for production of m/z 591 after simultaneous losses of ammonia and methane was approximated to 180 kJ.mol -1 (vide supra). This m/z 591 product ion would further dissociate, according to mechanism depicted in Scheme 2, to yield the three main product ions of the (R n + 73) + series via reactions, which were all found to be exothermic (m/z 591→m/z 221: -9.6 kJ.mol From the breakdown curves shown in Figure 2 , the additional ion series (R n + 59) + was suspected to arise from the dissociation of the main (R n + 73) + series. This assumption was supported by MS 3 experiments, selecting small oligomer ammonium adducts as primary precursor ions to produce a large range of product ions in the main series. These experiments showed m/z 207, 281, and 355 were formed upon activation of members of the (R n + 73) + series selected as secondary precursor ions. For example, m/z 281.1 was detected as a product ion of (R 5 + 73) + at m/z 443.2, arising from the dissociation of the 9-mer ammonium adduct. It should be noted, however, that the base peak in this MS 3 spectrum (data not shown) was observed at m/z 221.1, while relative abundance measured for m/z 281.1 was only 9.4%.
The three (R n + 59) + ions could be produced via two main reactions from (R n + 73) + ions, consisting of the release of 88 Da (tetramethylsilane) or 162 Da (hexamethyldisiloxane HMDSO) neutrals. Elimination of tetramethylsilane would proceed via a methyl transfer [1, 14] from a Si atom involved in DMS ring to the neighbored trimethylsilyl pendant group (Supplemental Figure S2) . A similar mechanism could be envisaged to account for loss of a 162 Da neutral, providing a -Si(CH 3 ) 2 -O-Si(CH 3 ) 3 pendant group is connected to a PDMS ring after rearrangement following the ring opening prior to step 3′ in Scheme 2. Such a mechanism is depicted in Scheme 3 for m/z 443 as formed in step 2′ of Scheme 2. Upon ring opening, a 1,8-electron transfer has first to be envisaged to generate an eight-member DMS ring bearing the targeted pendant group, further released as a 162 Da neutral upon methyl transfer. However, such a mechanism would poorly compete with the reaction yielding m/z 221 from m/z 443 in Scheme 2, as clearly illustrated by relative abundance of m/z 221 and 281 in MS 3 experiments (vide supra).
Conclusion
In contrast to alkali adducts, dissociation of CH 3 -PDMS ammonium adducts was shown to always give rise to the same three main product ions, regardless of the size of the precursor ion. Based on ab initio calculation, particularly stable cyclic structures could be found for these product ions, and proposed reaction mechanisms could account for the observed unimolecular fragmentation, information regarding the size of the precursor ion being mainly contained in the released neutrals. It could be concluded that this MS/MS behavior is characteristic of linear trimethylsilyl-terminated PDMS oligomers, in contrast to some CID data obtained in a recent study of a PDMS film resulting from plasma polymerization [30] , which would reveal multiple ramifications of the polymer backbone. MS/ MS of ammonium adducts of PDMS oligomers bearing alternative end-groups will be scrutinized in a forthcoming work to study the influence of the end-group on their dissociation pattern.
